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Abstract The average achievable rate of an Opportunistic Non-Orthogonal Multiple
Access (O-NOMA) based Cooperative Relaying System (CRS) with Channel State
Information (CSI) known at the transmitter end is analyzed under Rician fading chan-
nels. For opportunistic transmission of data signals, CSI is used for the source-to-
relay and source-to-destination links, which helps the transmitter to select the best
out of the cooperative NOMA transmission and the direct transmission of signals, in-
stantaneously. The average achievable rate of the O-NOMA and conventional NOMA
(C-NOMA) based CRSs is considered for the performance comparison and the ex-
act and asymptotic analytical expressions of the achievable rates has been provided.
Asymptotic results are verified through Monte Carlo simulations for various channel
powers and power allocation coefficients. Numerical results verify that the derived
analytical results are matched well with the Monte Carlo simulations and show that
O-NOMA-based CRS achieves better rate performance than C-NOMA-based CRS
with the increasing power allocation coefficients, transmit Signal-to-Noise Ratios
(SNRs) and channel powers.
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1 Introduction
Non-orthogonal multiple access (NOMA) is one of the promising techniques to im-
prove the spectral efficiency of wireless multi-user communication systems [1]. For
multiple access, NOMA uses the power domain and superposition coding is used to
implement this which enables the transmitter to transmit data signals with different
power levels to different receivers at the same time and bandwidth [2]. In order to
boost the spectral efficiency of cooperative relaying systems (CRSs), the NOMA has
been proposed into CRSs where one or more relays help a source in transmitting the
signals to one or more destinations in order to mitigate the wireless channel effects
such as path losses, attenuation and shadowing. In industry, the NOMA and the coop-
erative relaying technique have been considered as primary techniques for 3rd Gener-
ation Partnership Project (3GPP) Long Term Evolution-Advanced (LTE-A) systems
[3, 4]. Hence, CRSs using the NOMA can be practically realized as one of alterna-
tives to achieve high spectral efficiency in the fifth generation (5G) communication
systems.
In literature, the advanced NOMA for different CRSs have been developed to
significantly improve the spectral efficiency of the CRSs [5–13]. The research is fo-
cused on the models of CRSs with different node constructions and different relay-
ing schemes and has shown the spectral efficiency gains achieved by their proposed
NOMA schemes in terms of average achievable rate and outage probability. In [5],
CRS using NOMA has been proposed, where the source simultaneously transmits
two independent data symbols by superposition coding, and the relay decodes and
forwards the symbol with lower received power after performing the successive in-
terference cancellation (SIC). Also, the average achievable rate for the CRS using
NOMA has been analyzed, and a sub-optimal power allocation scheme for NOMA
has been presented. In [6], a novel detection scheme for CRS using NOMA has been
proposed to enhance the achievable rate for CRS using NOMA presented in [5], but
it requires more complexity at the receiver. In [6], the destination jointly decodes two
data symbols from the direct and relayed transmissions with maximal-ratio combin-
ing and SIC. In addition, its average achievable rate and the outage probability have
been investigated. Unlike [5] and [6] considering a single relay and a single destina-
tion, in [5], the more complicated CRS with multiple relays and destinations has been
treated, and a cooperative NOMA scheme has been proposed for the CRS where the
receivers with better channel conditions have prior information about the data sym-
bols of other receivers and the prior information is used to achieve the spatial diver-
sity. In [7], the outage probability and diversity order achieved by the cooperative
NOMA have been investigated. Unlike [5–7] with decode-and-forward relaying, in
[8], a NOMA-based down-link cooperative cellular system with amplify-and-forward
relaying has been proposed, where the base station transmits data signals to two users
simultaneously with amplify-and-forward relaying. Also, its average achievable rate
and outage performance have been investigated. In [9], the NOMA scheme has been
proposed in coordinated direct and relay transmission (CDRT), where the base sta-
tion directly communicates with a near user while communicating with a far user only
through a relay. In the CDRT using NOMA, the near user has the prior information
about the data symbol of the far user, and exploits it for interference cancellation,
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which can significantly improve the spectral efficiency. Its average achievable rate
and outage probability have been also analyzed in [9]. In [10], the full-duplex (FD)
CRS using NOMA with dual users has been proposed and its average achievable
rate and outage probability have been investigated under the assumption of imperfect
self-interference cancellation. In addition, it has been shown that the FD CRS using
NOMA can work better than the half-duplex CRS using NOMA. In the studies on
CRSs using NOMA in [5–10], channel state information (CSI) has been assumed to
be unavailable at the source in order to reduce the system overhead. However, it can
limit the performance improvement because the source cannot use the time-varying
channels for data transmission. In [11–13], hence, adaptive transmission, user selec-
tion, and hybrid relaying schemes using CSI have been respectively proposed to en-
hance the spectral efficiency of CRSs using NOMA. In [14], an opportunistic NOMA
(O-NOMA) based CRS has been proposed using decode-and-forward over Rayleigh
fading channels and the average achievable rates has been studied for different chan-
nel powers and power allocation coefficients with CSI available at the transmitter
end.
In this paper, unlike the proposed schemes in [11–14], we analyze the O-NOMA-
based CRS using CSI available at the transmitter end under Rician fading channels in
order to achieve the further performance improvement at the expense of system over-
head. We consider a source, a decode-and-forward relay, and a destination for the
simple implementation as in [5]. For opportunistic transmission, CSI for the source-
to-destination and source-to-relay links is exploited and based on the CSI, transmit-
ter instantaneously selects one of the direct transmission and the cooperative NOMA
transmission [5] with the help of the relay, which can provide better achievable rate
performance than the conventional NOMA-based CRS with no CSI at the source. In
addition, an asymptotic expression of the average achievable rate has also been pro-
vided and the asymptotic results are verified through Monte Carlo simulations. The
average achievable rates of the O-NOMA and the conventional NOMA (C-NOMA)
based CRSs has been compared for different channel powers and power allocation
coefficients used for NOMA.
This paper is organized as follows: Section 2 provides opportunistic NOMA-
based CRS, and provides its received signals and signal-to-noise ratios (SNRs). In
Section 3, the average achievable rate for the O-NOMA-based CRS is analyzed and
in section 4, an approximation method is used for asymptotic average achievable rate
expressions. In Section 5, a comparison has been made between the O-NOMA and
C-NOMA-based CRSs in terms of average achievable rate in order to verify the supe-
riority of O-NOMA-based CRS over C-NOMA-based CRS through numerical results
and simulations. Section 6 concludes this paper.
2 System Description
A CRS has been considered for the analysis as shown in Fig. 1, where a source (S)
transmits signals to a destination (D) directly and through a relay (R). The channel
coefficients of S-to-D, S-to-R, and R-to-D links are represented as hSD, hSR, and hRD,
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Fig. 1 A Cooperative relaying system based on NOMA.
Fig. 2 Direct signal transmission from source to destination.
respectively, and considered to be independent Rician random variables with average
channel powers of Ω 2SD, Ω
2
SR and Ω
2
RD, respectively.
In the CRS using NOMA, During the first time slot, the source transmits
√
a1PSs1+√
a2PSs2 to the relay and the destination, using the superposition coding [1, 5, 6]
shown in Fig. 3, where si represents the i-th data symbol, E[|si|2] = 1 and PS signifies
the total transmit power, ai represents the power allocation coefficient for symbol si
and a1+a2 = 1 and a1 > a2 is assumed, which means 0.5 < a1 < 1 and 0 < a2 < 0.5.
The relay decodes symbol s2 after decoding and cancelling symbol s1 with SIC,
whereas the destination decodes symbol s1 considering symbol s2 as noise. During
the second time slot, only the relay transmits the decoded symbol s2 with power PS to
the destination. However, when |hSD|2 > |hSR|2, the NOMA may not provide a gain
of end-to-end achievable rate since the received signal power of symbol at the relay
is very limited. For O-NOMA-based CRS, if |hSD|2 > |hSR|2, only direct transmis-
sion between the source and the destination is performed without relaying as shown
in Fig. 2 , otherwise the NOMA is employed with relay [14]. The rationale of the
O-NOMA-based CRS is based on the fact that the achievable rate for the relayed
link is the minimum of achievable rates for the source-to-relay link and the relay-
to-destination link. That is, when |hSD|2 > |hSR|2, the direct link achieves better rate
performance than the relayed link. In the O-NOMA-based CRS, hence, the source
directly transmits symbol s1 to the destination with power PS during a time slot when
|hSD|2 > |hSR|2.
In the C-NOMA-based CRS, the received signals at the relay and the destination
during the first time slot are respectively given as
rCSR = hSR(
√
a1PSs1+
√
a2PSs2)+nSR, (1)
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Fig. 3 NOMA-based cooperative relaying systems.
and
rCSD = hSD(
√
a1PSs1+
√
a2PSs2)+nSD, (2)
where nSR and nSD denote additive white Gaussian noise with variance σ2. The re-
ceived SNRs of symbol s1 to be decoded for SIC and symbol s2 to be decoded after
SIC at the relay are respectively given from (1) as
γCSR,s1 =
a1PS|hSR|2
a2PS|hSR|2+σ2 , (3)
and
γCSR,s2 =
a2PS|hSR|2
σ2
. (4)
The received SNR of symbol s1 to be decoded at the destination is given from (2)
as
γCSD,s1 =
a1PS|hSD|2
a2PS|hSD|2+σ2 . (5)
The received signal at the destination during the second time slot is given as
rCRD =
√
a2PRhRDs2+nRD, (6)
where nRD is additive white Gaussian noise with variance σ2, and thus the received
SNR for symbol s2 is given as
γCRD,s2 =
a2PS|hRD|2
σ2
. (7)
On the other hand, for the direct transmission, the received signal of symbol s1 at
the destination and its received SNR are respectively given as,
rDSD =
√
a1PRhSDs1+nSD, (8)
γDSD,s1 =
a1PS|hSD|2
σ2
. (9)
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3 Achievable Rate Analysis
Let λSD , |hSD|2, λSR , |hSR|2, λRD , |hRD|2, ρ = PSσ2 andC(x), log2(1+x), where
ρ signifies the transmit SNR. It is assumed that [5] the transmit power of S and R is
the same as PS = PR = P. As following the fact the the end-to-end achievable rate of
decode-and-forward relaying is dominated by the weakest link [3], and with the help
of [3–5, 7, 9], the achievable rate of the O-NOMA-based CRS is obtained as follows
[5]: If λSD < λSR
CPro =
1
2
min{log2(1+ γCSD,s1), log2(1+ γCSR,s1)}
+
1
2
min{log2(1+ γCSR,s2), log2(1+ γCRD,s2)},
(10)
which can be written as [14]
CPro =
1
2
min{log2(1+ γCSD,s1)}
+
1
2
min{log2(1+ γCSR,s2), log2(1+ γCRD,s2)},
(11)
else,
CPro = log2(1+ γ
D
SD,s1). (12)
In (10), it is noted that the first and the second parts denote the achievable rates
of symbols s1 and s2, respectively. In the first part of (10), log2(1+γCSR,s1) is required
to assume that the relay successfully decodes symbol s1 for SIC, but that is deleted in
(11) since λSD < λSR. It is also noted that there is one half spectral efficiency penalty
for relaying in (11), whereas there is no spectral efficiency penalty in (12) as the
source transmits an independent data symbol to the destination directly for a given
time slot when λSD > λSR. Then, using (11) and (12), the achievable average rate of
the O-NOMA-based CRS is obtained as
CPro =
1
2
log2(1+λSDρ)−
1
2
(1+a2λSDρ)︸ ︷︷ ︸
CC,s1
+
1
2
log2(1+min{a2λSR,λRD}ρ)︸ ︷︷ ︸
CC,s2
,
(13)
else,
Cpro = log2(1+λSDρ)︸ ︷︷ ︸
CD,s1
. (14)
With the help of (13) and (14), the total achievable rate of O-NOMA-based CRS
can be written as
CPro =
1
2
log2(1+λSDρ)−
1
2
(1+a2λSDρ)
+
1
2
log2(1+min{a2λSR,λRD}ρ)
+ log2(1+λSDρ).
(15)
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Let γ1 , λSD, γ2 ,min{λSR,λRD}, the cumulative distribution function (CDF) of
γ1 and γ2 for CC,s1 and CC,s2 is given as [15]
F(γ1) = 1−AxAy
∞
∑
k=0
∞
∑
n=0
B˜x(n)B˜y(k)n!k!e−(ax+ay)γ1
n
∑
i=0
k
∑
k=0
aixa
j
y
i! j!
γ i+ j1 , (16)
F(γ2) = 1−AzAy
∞
∑
k=0
∞
∑
n=0
B˜z(n)B˜y(k)n!k!e
−(az+ aya2 )γ2
n
∑
i=0
n
∑
k=0
aiz(ay/a2)
j
i! j!
γ i+ j2 , (17)
where Bx(n) =
Knx (1+Kx)
n
Ωnx (n!)2
,By(k) =
Kky (1+Ky)
k
Ω ky (k!)2
,ax = 1+KxΩx ,ay =
1+Ky
Ωy ,Ax = axe
−Kx ,Ay =
aye−Ky , B˜x(n) =
Bx(n)
an+1x
,By(k) =
By(k)
ak+1y
. Here, x represents the S-to-D link, y represents
the S-to-R link, z represents the R-to-D link and K represents the Rician factor. The
expansion form of incomplete Gamma function is used for the equality of (16).
4 Achievable Rate Approximation
According to [15], (16) and (17) can be approximated for the asymptotic results
where approximated values for CC,s1 and CC,s2 is given as
CC,s1 =
1
2ln(2)
[H(ρ)−H(ρa2)], (18)
where,
H(ρ) = AxAy
∞
∑
k=0
∞
∑
n=0
B˜x(n)B˜y(k)n!k!
n
∑
i=0
k
∑
j=0
(i+ j)!
i! j!
aixa
j
y
ρ i+ j
e
ax+ay
ρ
(
1
2 ax+ayρ
)i+ j
× pi
n
n
∑
t=1
(cos(
2t−1
2n
pi)+1)i+ j−1e
− 2
ax+ay
ρ
cos( 2t−12n pi)+1 |sin(2t−1
2n
pi)|,
(19)
Similarly CD,s1 can be calculated as
CD,s1 =
1
ln(2)
H(ρ), (20)
and
CC,s2 =
1
2ln(2)
G(ρ), (21)
where,
G(ρ) = AzAy
∞
∑
k=0
∞
∑
n=0
B˜z(n)B˜y(k)n!k!
n
∑
i=0
k
∑
j=0
(i+ j)!
i! j!
aiz(ay/a2)
j
ρ i+ j
e
az+ay/a2
ρ
×
(
1
2 az+ay/a2ρ
)i+ j pi
n
n
∑
t=1
(cos(
2t−1
2n
pi)+1)i+ j−1e
− 2
az+ay/a2
ρ
cos( 2t−12n pi)+1 |sin(2t−1
2n
pi)|.
(22)
8 Pranav Kumar Jha et al.
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Power Allocation Coefficient a2
0
2
4
6
8
10
12
14
16
A
ch
ei
va
bl
e 
Ra
te
 (b
it/s
/H
z)
signal 1 (simulated O-NOMA)
signal 1 (analytical O-NOMA)
signal 2 (simulated C-NOMA)
signal 2 (analytical C-NOMA)
sum rate (simulated O-NOMA)
sum rate (analytical O-NOMA)
signal 2 (simulated O-NOMA)
signal 2 (analytical O-NOMA)
signal 1 (simulated C-NOMA)
signal 1 (analytical C-NOMA)
sum rate (simulated C-NOMA)
sum rate (analytical C-NOMA)
0 0.005 0.01
0
5
0 0.005 0.01
12
14
16
Fig. 4 Average achievable rates of O-NOMA and C-NOMA-based CRSs for ρ = 20 dB when ΩSD = 3
and ΩSR =ΩRD = 6.
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Fig. 5 Average achievable rates of O-NOMA and C-NOMA-based CRSs for ρ = 30 dB when ΩSD = 3
and ΩSR =ΩRD = 6.
5 Numerical Results and Discussions
In this section, for validation of the accuracy of the analytical results analyzed in the
Section 4 has been compared using Monte Carlo simulations. For simulation purpose,
105 realizations of Rician distribution random variables are transmitted. The asymp-
totic achievable rate of the C-NOMA-based CRS given in [15] is used for comparison
purpose with the achievable rate of O-NOMA-based CRS obtained in this paper. Figs.
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Fig. 6 Average achievable rates of O-NOMA and C-NOMA-based CRSs for ρ = 20 dB when ΩSD = 3
and ΩSR =ΩRD = 12.
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Fig. 7 Average achievable rates of O-NOMA and C-NOMA-based CRSs for ρ = 30 dB when ΩSD = 3
and ΩSR =ΩRD = 12.
4, 5, 6 and 7 provides the achievable rate performance of s1, s2 and the corresponding
average achievable sum rate of the O-NOMA and C-NOMA-based CRSs for differ-
ent values of the power allocation coefficient a2 of s2. Further, parameters are set as
KSR = KRD = 5, KSD = 2 and ΩSD = 3. In addition, as a2 increases, the achievable
rate for s2 increases and the rate for s1 decreases, since s2 gets more power. Fig. 8
and Fig. 9 provides the achievable rate performance of the O-NOMA and C-NOMA-
based CRSs against the transmit SNR ρ where a2 is set as 0.4.
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Fig. 8 Average achievable rates of O-NOMA and C-NOMA-based CRSs for a1 = 0.9 and a2 = 0.1 when
ΩSD = 3 and ΩSR =ΩRD = 6.
In Fig. 4, for SNR = 20 dB and ΩSR = ΩRD = 6, It can be seen that when a2
increases from 0.1 to 0.4, the achievable rate of s1 decreases from 10.89 bit/s/Hz
to 9.905 bit/s/Hz while for C-NOMA-based CRS, s1 decreases from 1.64 bit/s/Hz
to 0.657 bit/s/Hz. Next, s2 increases from 4.113 bit/s/Hz to 5.058 bit/s/Hz for O-
NOMA-based CRS which is same as in the case of C-NOMA-based CRS due to the
available CSI at the transmitter end. Average achievable sum rates for O-NOMA and
C-NOMA-based CRSs are 15 bit/s/Hz and 5.753 bit/s/Hz, respectively for a2 = 0.1.
In Fig. 5, SNR is set as 30 dB and ΩSR =ΩRD = 6. Now when a2 increases from
0.1 to 0.4, the achievable rate of s1 decreases from 14.2 bit/s/Hz to 13.2 bit/s/Hz for O-
NOMA-based CRS while for C-NOMA-based CRS, s1 decreases from 1.651 bit/s/Hz
to 0.6489 bit/s/Hz. Further, s2 increases from 5.77 bit/s/Hz to 6.721 bit/s/Hz for O-
NOMA and C-NOMA-based CRSs both. Average achievable sum rates for O-NOMA
and C-NOMA-based CRSs are 19.97 bit/s/Hz and 7.421 bit/s/Hz, respectively for
a2 = 0.1.
In Figs. 4 and 5, for ΩSR =ΩRD = 6, an increase of 4.97 bit/s/Hz for O-NOMA-
based CRS and 1.668 bit/s/Hz for C-NOMA-based CRS has been shown in the av-
erage achievable sum rates for 10 dB increment in the SNR. O-NOMA-based CRS
achieves 9.247 bit/s/Hz more rate than C-NOMA-based CRS for SNR=20 dB and
12.549 bit/s/Hz for SNR=30 dB at a2 = 0.1, which shows that O-NOMA-based CRS
achieves better average rate performance than C-NOMA-based CRS.
In Fig. 6, SNR is set as 20 dB and ΩSR =ΩRD = 12. Now, when a2 increases from
0.1 to 0.4, the achievable rate of s1 decreases from 10.94 bit/s/Hz to 9.957 bit/s/Hz
for O-NOMA-based CRS while for C-NOMA-based CRS, s1 decreases from 1.64
bit/s/Hz to 0.657 bit/s/Hz and s2 increases from 5.112 bit/s/Hz to 6.074 bit/s/Hz for
both the cases. Average achievable rates for O-NOMA and C-NOMA-based CRSs
are 16.05 bit/s/Hz and 6.752 bit/s/Hz, respectively for a2 = 0.1.
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Fig. 9 Average achievable rates of O-NOMA and C-NOMA-based CRSs for a1 = 0.9 and a2 = 0.1 when
ΩSD = 3, ΩSR =ΩRD = 12.
In Fig. 7 by using SNR = 30 dB and ΩSR = ΩRD = 12, when a2 increases from
0.1 to 0.4, the achievable rate of s1 decreases from 14.16 bit/s/Hz to 13.15 bit/s/Hz
for O-NOMA-based CRS while for C-NOMA-based CRS, s1 decreases from 1.619
bit/s/Hz to 0.6115 bit/s/Hz and s2 increases from 6.756 bit/s/Hz to 7.678 bit/s/Hz
for O-NOMA and C-NOMA-based CRSs both. Average achievable sum rates for
O-NOMA and C-NOMA-based CRSs are 20.91 bit/s/Hz and 8.375 bit/s/Hz, respec-
tively for a2 = 0.1.
In Figs. 6 and 7, for ΩSR =ΩRD = 12, an increase of 4.86 bit/s/Hz for O-NOMA-
based CRS and 1.619 bit/s/Hz for C-NOMA-based CRS has been shown in the av-
erage achievable sum rates for 10 dB increment in the SNR. O-NOMA-based CRS
achieves 9.298 bit/s/Hz more rate than C-NOMA-based CRS for SNR=20 dB and
12.539 bit/s/Hz for SNR=30 dB at a2 = 0.1 which shows that O-NOMA-based CRS
achieves better average rate performance than C-NOMA-based CRS.
In Figs. 4 and 6, for a2 = 0.1 and SNR = 20 dB, when values of ΩSR = ΩRD
changes from 6 to 12, an increase of 1.05 bit/s/Hz and 0.999 bit/s/Hz in the average
achievable sum rate of O-NOMA-based CRS and C-NOMA-based CRS has been
noticed, respectively and in Figs. 5 and 7, for a2 = 0.1 and SNR = 30 dB, when
values of ΩSR = ΩRD changes from 6 to 12, an increase of 0.94 bit/s/Hz and 0.954
bit/s/Hz in the average achievable sum rate of O-NOMA-based CRS and C-NOMA-
based CRS has been shown, respectively. Hence. these results clearly demonstrate
that larger channel power helps in achieving better achievable rate.
In Fig. 8, a1 = 0.9, a2 = 0.1 and ΩSR =ΩRD = 6 and when ρ increases from 5 dB
to 15 dB, the average achievable sum rate of O-NOMA-based CRS increases from
5.571 bit/s/Hz to 9.995 bit/s/Hz and for C-NOMA-based CRS, it increases from 4.575
bit/s/Hz to 7.961 bit/s/Hz while s2 increases from 3.438 bit/s/Hz to 6.658 bit/s/Hz
for O-NOMA and C-NOMA-based CRSs both due to the knowledge of CSI at the
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transmitter end. At ρ = 15 dB, s1 is 1.133 bit/s/Hz for O-NOMA-based CRS and
0.5663 bit/s/Hz for C-NOMA-based CRS.
In Fig. 9, parameters are set as ΩSR = ΩRD = 12, a1 = 0.9 and a2 = 0.1. Here,
when ρ increases from 5 dB to 15 dB, the average achievable sum rate of O-NOMA-
based CRS increases from 6.007 bit/s/Hz to 10.47 bit/s/Hz and for C-NOMA-based
CRS, increases from 5.011 bit/s/Hz to 8.44 bit/s/Hz while s2 increases from 3.942
bit/s/Hz to 8.44 bit/s/Hz for O-NOMA and C-NOMA-based CRSs both. At ρ = 15
dB, s1 is 1.376 bit/s/Hz for O-NOMA-based CRS and 0.6879 bit/s/Hz for C-NOMA-
based CRS.
In Figs. 8 and 9, at ρ = 15 dB, an increase of 0.475 bit/s/Hz for O-NOMA-based
CRS and 0.479 bit/s/Hz for C-NOMA-based CRS has been shown in the average
achievable sum rate when ΩSR = ΩRD varies from 6 to 12. O-NOMA-based CRS
achieves 2.034 bit/s/Hz more rate than C-NOMA-based CRS for ΩSR =ΩRD = 6 and
2.03 bit/s/Hz for ΩSR =ΩRD = 12, which shows that O-NOMA-based CRS achieves
better average rate performance than C-NOMA-based CRS and larger channel power
helps in achieving improved achievable rate comparatively.
6 Conclusions
In this paper, the performance of O-NOMA-based CRS is investigated and exact and
asymptotic analytical expressions of the achievable rates has been provided under
Rician fading channels. Derived analytical results have been verified with the simu-
lation results and proved to be in harmony with the Monte Carlo simulations which
concludes that O-NOMA-based CRS is superior than C-NOMA-based CRS in terms
of average achievable rate. Numerical results also show that as the transmit SNR in-
creases and the channel power of the S-to-R and R-to D link is large, O-NOMA-based
CRS achieves better rate performance than conventional C-NOMA-based CRS.
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